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Abstract Osteopontin (OPN) is a secreted glycophosphoprotcin which i educes migration of mammary carci- 
noma cells, and has been implicated in the malignancy of breast carcinoma. Hepatocyte growth factor (HCF) induces 
cell migration of several mammary epithelial cell (MtC) lines, via activation of its cognate receptor (Met). This study 
examines the mechanism of OPN-induced MEC migration, in terms of the celt surface integriro involved and induction 
of the HCK/Met pathway. Three different M£C cell lines were used, representing different stages of tumor progression: 
21PT, itofMumorigCrtic; 2 INT, turoorigenic; noo- metastatic; and MOA-MB-435, tumorigenic, highly metastatic. Hu- 
man recombinant OPN was found to induce the migration of all three lines. OPN -induced migration of 21PT and 21 NT 
cells was «v|J5 and p1-ir>tcyrin dependent, and av|33-indepenctent, while that of MDA-MB-O-3 cells was av03- 
dependerrt. HCF also induced migration of all three cell lines, and a synergistic response was seen to HCF and OPN 
togfcthc*, The increased migration response to OPN was found (O be associated with an initial increase in Met kinase 
activity (within 30 minj, followed by an increase in Met mfcNA and protein expression. OPN-indoced cell migration 
is thus mediated by different cell surface inlegrins in MEC lines representing different stages of progression, and involves 
activation of the HCF receptor, Met. J. Cell. Bioc»K?in. 7HA65~47S, 2000. o iqoq wUoy-Liw, mc. 
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Growth, migration, and differentiation of ep- 
ithelial cells are known to be dependent upon 
integrin-mediated adhesion to extracellular 
matrix components [reviews in Assoain, 1997; 
Bissell, 1999; Gurabiner, 1996]. Similarly, 
these same cellular process es are ahio known to 
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be influenced by a number of different growth 
fester pathways [reviews in Seedorf, 1995; 
Vande Woude et aL, 1997; Heldin, 1998; Birch- 
meier, 1998]. Several recent studies have ad- 
dressed the possibility of interactions between 
integrin and growth factor mediated pathways, 
with evidence emerging for both growth factor 
control of cell adhesion events Ivan der Voort et 
al., 1997; Weimar et al., 1997; Trusolino et al., 
1998; Weimar et al., 19981, and conversely, for 
integrin-mediated cell adhesion phonomcna in- 
fluencing sensitivity to certain growth factors 
[Miyamoto et al., 1996; Brooka et al., 1997]. 
However, the mechanism and biological rele- 
vance of these growth factor-integrin interac- 
tions are not yet clear. 

Our group has particular interest in the role 
of the secreted glycophosphoprotein OPN in 
the malignancy of breast Cancer. We have 
found that OPN can induce cell migration and 
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invasiveness- of cultured mammary epithelial 
fells (MECa) Kuan et eL, 1994; Xuan et al, 
1995; Tuck et aL f 199*>] t that it may be secreted 
in greater quantity by MECa of greater degree 
of malignancy [Tuck et al, 1999], and that 
higher level* (tumor c^ll or plasma levels re- 
spectively) are associated with poorer progno- 
sis in patients with either lymph node negative 
or metastatic breast chancer [Tuck et aL, 1998; 
Singhal et al., 1997], Evidence from us [Xuan 
et at, 1994, 1995; Tuck et aL, 1999], and others 
[Senger et al. ( 19961, has indicated that OPN- 
induced cell movement in a directed, RGD- 
dependent response, iUthough CD44-modiated 
phenomena may also bo involved [Weber et al., 
1996; Bour^uignon ct al„ 1998, 1999; Katagiri 
ct aL, 1999; Tuck et id., unpublished observa- 
tions!. Coll adhesion studies have shown for a 
variety of cell types that the major cell surface 
integrins involved in OPN binding include 
etvpl, gty^ and ^5 [Hu et al mt 1995; Liaw et 

ul„ 1995]. 

Given this information* along with the abun- 
dant evidence for the importance of HGF/Mct 
in cell motility of MECs [Bhargava et al,, 1992; 
Rosen et al., 1994; Rahimi et al, 1998], and in 
the malignancy of breast cancer fYaxnaahita et 
al., 1994; Tuck ct al., 1996; Yao ot al., 1996; Jin 
et al„ 1997; Boviglia ct al., 1997; Ghouaaoub et 
al,, 1998], wo set out to examine the nature of 
OPN-induced cell migration, with respect to 
the involvement of cell surface integrins known 
to bind OPN, and possible interactions with the 
HGF/Met pathway. We have mode use of three 
MEC lines, of differing malignancy: 21PT, non^ 
tumorigenic; 21NT, tunaorigenic, non-metastatic 
[Band ct al., 1990); and MDA-MB-435: tumor- 
igenic, highly metastatic [Price et al., 1990). 
Wo have assessed these cells for migratory re- 
sponsiveness to OP'N, alone and in combination 
with HGF. Having found evidence for a syner- 
gistic relationship between OPN and HGF in 
inducing coll migration, we proceeded to char- 
acterize the cell surface integrins involved, us- 
ing blocking antibodies to avp5, pi, or av£3 
integrins. OPN-treated cells were then exam- 
ined in time course experiments for induction 
of Met kinase activity and tyrosine phosphory- 
lation, and for levels of HGF and Met mRNA 
and protein. Incubation with OPN was found to 
result in rapid activation of Met (all three cell 
lines), followed by an increase in Met RNA (all 
three cell Uncs) and protein (21PT and 21NT), 



et aJ. 

This work thus provides evidence that MEC 
cell lines representative of different stages of 
progression make use of different cell surface 
integrins in the migration response to OPN, 
and that this OPN-induced cell migration may 
be mediated at least in part by activation of 
Met. 

METHODS 
Cell Lines and Culture 

The 21T series cell lines (21PT, 21NT) were 
obtained as a kind gift of Dr. Vimla Band 
(Dana Parbcr Cancer Institute) (Band et al, 
1990], These cells wore maintained in culture 
in ct-MEM supplemented with 10% FCS, 2 mM 
L-glutamine (all from GIBCO-BRIVLifc Tech- 
nologies, Grand Island, NY), insulin (1 i^ml), 
epidermal growth factor (EGF; 12.5 ng/ml), hy- 
drocortisone (2.8 p,M), 10 mM HEPES, 1 mM 
sodium pyruvate, 0.1 mM nonessential amino 
acids, and 50 u^/ml gentamycin (all from Sig- 
ma; acHE medium). MDA-MB-435 cells [Price 
et al,, 1990] were obtained as a kind gift of Dr, 
Janet Price (MD Anderson Cancer Center, 
Houston, TX), and were grown in a-MEM with 
10% FCS (both from GIB C O-BRL/Lifo Technol- 
ogies). 

Cell Migration 

Coll migration assays were performed essen- 
tially as described previously [Xuan et al r , 
1995], using 24-wcll transwell chambers with 
polycarbonate filters of 8 ujii pore 3ize (Costar, 
Cambridge, MA). Gelatin (Sigma) was applied 
at 6 ^filter and air dried. The gelatin was 
rohydrated with 100 yd of scrum-free «HE me- 
dium at room temperature for 90 min. Lower 
wells contained 800 pi of oHE plus 0,1% USA, 
with or without OPN, HGF, and/or blocking 
antibodies (as specified in Figs. 1 and 2). Hu- 
man OPN (50 H-g/ml) used was the full length 
human recombinant GST- OPN (hrOPN), as 
previously described [Xuan et al., 1994]. Previ- 
ous control experiments have shown that the 
GST portion alone has no influence on migra- 
tion of these cells. Human HGF (20 ng/ml) was 
obtained from Collaborative Biomedical Prod- 
ucts (Becton-Dickinson, Bedford, MA). Block- 
ing anti-integrin antibodies included anti-«v(i3 
(Cedarlane, Hornby, ON), anti-ccvpS (GIBCO- 
BRL), and anti-pl (GIBCO-BRL), all used 
at saturating concentrations as determined 
by preliminary titration experiments. Cells 



PAGE 1 8/34 * RCVD AT 8/16/2004 10:31 :54 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/0 * DNIS:8729306 * CSID:706 283 7737 s DURATION (mm-ss):12-54 



Aug 1G 0+ s ip: 3Gp 



Patrea Pabst 



70G 283 7737 



p* 1 9 



Integrin-Dependent OPNMnduced Migration Involve Met 

(5 x 10 4 ) were added to each upper well in a HE 
medium with 0.1% BSA and incubated for 5 h 
at 37°C. At the end of the incubation time, the 
cells that had migrated to the underaurface of 
the filters were fixed in place with gluteralde- 
hyde and stained with hematoxylin. Cells that 
had not migrated and were attached to the 
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upper surface of the filtors were removed from 
the filters with a cotton wab. Tho lower sur- 
faces of the filters were examined microscopi- 
cally under XOOX magnification and represen- 
tative area* were counted to determine the 
number of cells that had migrated through the 
filters. Control experiments were also per- 
formed in which blocking antibody in the lower 
chamber was replaced by non-immuno mouse 
IgGr {Codarlane) at comparable concentration. 

All cell migration and invasion assays were 
performed in triplicate. Statistical differences 
between groups were assessed using Student's 
/-test, with SigmaStat (Jandel Scientific, San 
Rafael, CA) statistical software, 

Immunoprccipitatior, and Western Blotting for 
Met and Phosphotyrosine 

Cells in monolayer were grown to 85-90% 
confluence, serum starved overnight, and incu- 
bated in scrunvfrce medium either with or 
without human OPN (50 u^ml) or HCF 
(20 ng/ml) for the times specified. Cells were 
then rinsed with cold PBS, and I yse d in lysis 
buffer containing 50 mM Tris-HCL (pH 7 5) 
150 mM NaCl, 1% NP-40, 1 mM Nu 3 VO ' 
50 mM NaF. 2 mM EGTA, 2 ^ml aprotinin" 
2 ^g/ral leupeptxn, and I mM PMSF. Lysates 
were centrifuged for 10 min ut 14,000 rpm in 
an lEC/Micromax centrifuge at 4*C f Protein 
concentration of supematants was determined 
using a bicinchoninicacid protein assay (Pierce, 
Rockford, IL). Equal protein amounts of each 
lysate were immunoprecipitatcd with rabbit 
anti-human Met polyclonal antibody at 4'C for 
2 h. 

Jmmvnoprecipitatcs wcro collected on pro- 
tein A-£epharose (Amersham-Pharmacia Bio- 



Fig- 1 - a: QPN-iodUCed migration of 2 1 PT (PT) and 2 1 NT (NT) 
cells is avftS, not ctvp% imegrin-<tepertder>t. Miration todays 
wen: performed as described in Materials and Methods. Lower 
chamber conditions were as follows: 0,1% BSA only (0)* 
50 v&rnl hrQPN only (OP); 50 y.&m\ hrOPN with 15 pig/mi 
non-spec.fic mouse IgC (OP+nlg); 50 nfi/mi hrOPN with 
30 ikg/mi ami-«v33 integrin blocking antibody (GP-»-aav03); or 
50 wj/ml hrOPN wilh 15 ^/ml anti-av^S integral blocking 
annbody <OP+a«v35). b: OPN-jnduced migration of 2;PT <PTj 
and 21 NT (NT) cells i» (ii inie*rin-dependent. Lower chamber 
conditions wrrc as follow* 0.1% BSA only (0); SO pjrtnl 
hrOPN only (OP); 50 ^mJ hrOPN with 1 5 p.g/nnl nonspecific 
mouse IgC fOP+mgj; or 50 M g/ml hrOPN with 15 mj/ml 
drtli-pi integrin blocking antibody <OP+iif*T). Bar graphs rcp- 
reieni the mean of four or five COunls from each of three 
separate wells; error bars are SCM. 



PAGE 1904 * RCVDAT 8/16/2004 10:31:54 PM [Eastern Daylight Time| * SVR:USPTO-EFXRF-1/0 * DNIS:8729306 * CSID:706 283 7737 * DURATION (mm-ss):12-64 



Rug 1G IpJ 3Gp 



Patrea Pabst 



70G 283 7737 



p* 20 



468 



Tuck et aJ. 



-MIGRATION ASSAY AT 5HRS 



50 
75 
70 
65 -| 
60 
55 
50 
45 
40 
35 
30 H 
25 
20 
15 
10 - 
5 - 

a 



— i— 

s 

D 



h 



— 1 '- *- * * ,, 



O 
et 

? 

a. 



(1 



CELL TYPE AND TREATMENT CftOUP 

rig. 2. OPN-induccd migration of MDA-MB-435 (MDA) cells 
i$ *vB3, not avflS or intL^rin-dcpcndcnL Migration Assays 
wene performed a; described in Materials and MiMhods. Lower 
chamber conditions were -is follow*; 0.1% BSA only (0>* 
SO »tfm\ hrOPN only (OP); 50 ^g/ml hrOPN with 25 ^ml 
non-*pecific rvw>ose IrC <OP+nig); 50 i^mt OPN with 
15 ^ml anti-pi intern blocking Antibody <OP+jp1); 
50 ^ml hrOPN with 25 p^ml anti.*v03 iotegrin blocking 
antibody (OP+ M vM3); Of iO |ig/rf»l hrOPN with 15 H g/ml 
anti^kvps integrin blocking antibody (OP+aav5) 4 War graphs 
represent the mean of four or five counts from each of three 
separate wells; error bars arc SEM, 



tech, Baie dUrfe, Quebec, Canada), washed 
three times with lysis buffer, separated by 1% 
SDS-PAGE, and transferred to a nitrocellulose 
membrane. The membrane was blocked for 
15 min with 3% skim milk, or 1% BSA, in TBST 
(10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% 
Tween 20), and probed for 1 h with either 
mouse anti-human M«?t (DL-21 clone, Upstate 
Biotechnology Inc., J>ake Placid, NY) or an- 
tiphoflphotyrosine antibody (PY20 clone, 
Transduction Labs, Lexington, KY). The mem- 
brane was washed three times for 5 min each 
with TBST buffer, intubated with horseradish 
peroxidase-labeled secondary anti-mouse anti- 
body (Amersham-Pharmacia Biotech) for 
15 min, and washed three times with TBST for 



10 nun each. Immune complexes were detected 
using ECL (Mandcl/NEN, Guelph, ON), 

In Vitro Met Kinase Assay 

Cell cultures incubated in the presence 
or absence of hrOPN (50 jxg/ml) or HGP 
(20 ngfaril) were rinsed with cold PBS. lysed, 
and immunoprccipitated as above. Immuno- 
precipitatcs were washed twice with cold lysis 
buffer and once with cold kinase buffer (20 mM 
PIPES, pH 7.0, 10 mM MnCl^ 10 jiM Na 3 VOJ. 
In vitro Met kinase activity was determined by 
incubating immunoprccipitatcs with 20 of 
kinase buffer containing 10 i*Ci [y- 32 F] ATP at 
30*C for 10 min. The reaction was stopped by 
addition of 2x SDS sample buffer containing 
5% P-mercaptoethanol. Samples were boiled 
for 3 min and subjected to 7% SDS-PAGE. 
Serine and threonine phosphorylations were 
hydrolyzcd by incubating the acrylamide gel in 
1 M KOH at 45*C for 30 min r followed by fixing 
in 45% McOH and 10% acetic add for 30 min at 
room temperature and drying for 2 h at 80*C 
under a vaccum. Autoradiograms were produced 
and quantitated using a Storm Phosphorimager 
(Molecular Dynamics, Sunnyvale, CA). 

Analysis of Met and HCF mKNA Levels 

Cell cultures (85-90% confluent) were incu- 
bated in serum-froo medium for the specified 
times in the presence or absence of 50 u^g/ml 
hrOPN. Cells were harvested by gentle 
trypsinization, pelleted, and mechanically ho- 
mogenized (Polytron PT 1200, firinkman In- 
struments (Canada) Ltd., Mississnuga, ON), 
RNA was extracted using TKIzol Reagent (Ca^ 
nadian Life Technologies Inc., Burlington, 
ON), according to the protocol supplied by the 
manufacturer. RNA (10 jLg/lane) was run on a 
1.1% agarose gel with 6.8% formaldehyde, and 
capillary-tranaferred to GeneScreen Plus fil- 
ters (DuPont Canada Inc., Mississauga, ON). 
Biota were prohed with denatured, oli go labeled 
l« 32 Pl-dCTP cDNA probes (labeled using a kit 
provided by Pharmacia), according to the pro- 
cedures provided by the manufacturers, and as 
previously described [Tuck et aL, 1990, 19911. 
cDNA probes were as follows; hopatocyte 
growth factor (HGP) — 540 bp BamHLXhoI 
fragment of human HGF cDNA [Nakamura et 
al., 19891; McVHGF receptor (HGFR)-SOO bp 
EcoRI-EcoRV fragment of the human met 
cDNA [Park ct al., 1987]; 18S rRNA (16S>— 
from pl00D9. 
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MIGRATION ASSAY AT 6HRS 
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CELL TYPE AND TREATMENT CROUP 

3 - Synaptic t-ffctt of OFN and HCF on migration of 
21PT IPT), 21 NT (NT), and MDA-Mfl-435 (MDA) cells. Migrj- 
lion assays were performed as described in Material* arxt Meth- 
ods. Contents of the lower chamber consisted of either; me- 
dium (*H, no EGF) without HCF or hrOPN <Q>; medium wiih 
50 ps/mi hrOPN (OP); medium with 10 ngrnil HCF (HCK); or 
medium with 50 ng/ml fvOPN M*i to nfc/ml HGF <Op+mCJ-)_ 
Bar graphs represent the mean of four or five counts from each 
0t three separate welts; error bars are 5EM. 



RESULTS 

OPN-Induced Migration of 21 FT and 21 NT Cells 
Involves Different Cell Surface Intcgrins Than 
for MDA-MB-435 Cells 

Cell migration of iilPT, 21NT, and MDA- 
MB-435 cells waa found to occur in response to 
hrOPN at a level . comparablo to that deter- 
mined previously [Tui* et ^L, 1999), Blocking 
experiments were performed using saturating 
concentrations of anti-integrin antibodies in 
the lower chamber of trans well a, as described 
in Methods. For 2XPT and 2 INT cells, complete 
blocking of OPN-indWd cell migration (to 
baseline levels) was obtained with the anti- 
otvp5 and pi integrin antibodies (Fig la,b 
P < 0.002 for all, Student's r-^teat). In contrast! 
non-immune mouse IgG did not block migra' 
tion of either cell line. Saturating concentra- 
tions (30 M-g/ml) of anti-otvti3 integrin antibody 
had no detectable affect on migration of either 
21PT or 21NT cells (Fig. l a ). 
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Fig, 4. hcf <*) and OPN (b)-induced increase in total cellular 
Met kiruse Activity of 21 PT and 21 NT cells. OPN (conduced 
increase in total Met protein of 2 1 PT and 2 1 NT cdJs. a, b; Cells 

wert irtCuoatcd -20 ng/ml HCf or 50 ^ml hrOPN for the 
times Indicated, and cells lysates were preppnsd. Equal protein 
amounts of each lysate wore immu no precipitated with anti-Met 
IgC, and in vitro Met kinase activity w A5 determined as De- 
scribed in Material* *nd Methods. Quantitation was done using 
a Phosphorimager. Total Met kinase activity is expressed in 
cpm/Sample. C: Met protein was quantised by immunopre- 
cipitatioft with rabbit poJyClonaJ iirtti-Met antibody followed 

by 7% SDS-PAGf. and Western bJottin* as described in Mate- 
rials and Methods. Total Met protein was quantitated by den- 
sitometry and is expressed in integrated density value units. 
Error bars represent an average standard deviation of 2.5%, as 
determined by repetitive measurements of individual bands 
(instrument error). Each graph is representative of at least two 
separate experiments* 
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In contrast td results with 21PT and 21NT 
cells, anti-av(3S and pi integrin antibodies 
showed no blocking eifect on OPN-induced cell 
migration of MDA-MH-435 cells, when used at 
the same high concentrations shown to effect 
complete blocking of 2XPT and 21NT respon- 
siveness (15 p-g/ml of either anti-integrin anti- 
body; Fig, 2). On the other hand, OPN-induced 
migration of MDA-MB-435 cells was com- 
pletely blocked by anti-«vp3 integrin antibody, 
at a concentration (25 iVml) lower than that 
which still had no eflect on migration of 21PT 
or 2 INT (30 ^ml; tf. Fig. 1; P = 0.0008. Stu- 
dent's *-test). 

The OPN-induced migration of tho meta- 
static cell line of this series— MDA-MB-435, 
thus was found to bo otvp3 integrin-dependent[ 
whereaa that of non-met&static 2 INT and 
21PT cells was otvpS and pl-depcndcnt, uv(33- 
independent. 

HGF-lnduccd Cell Migration and Synergistic 
Effect With OPN 

As was found for response to OPN, all three 
cell lines (21PT, 21NT, MDA-MB-435) showed 
increased cell migration in response to human 
recombinant HGF alone (Pig. 3). Combining 
both HGP and oateopontin in the lower cham- 
ber resulted in a degree of cell migration for all 
three coll lines that was significantly greater 
than the gum of the isolated HGP and OPN 
responses (i.e., synergistic; Fig. 3; P < 0.02 for 
all, Student's *-test). 

Induction of Met (HCFR) Activity by HGF 
and OPN 

Treatment of 21PT and 21NT cells with ei^ 
ther HGF or OPN (Fig. 4a,b) resulted in rapid 
activation of total ,Mot kinase activity in both 
instances (after 20 min of HGF stimulation, 
30 min of OPN stimulation). For both 21PT and 
21NT cells, the incr<*ase in total Met kinase 
activity with OPN treatment (at 30 min) was 
followed by an increase in Met protein level at 
5 h of incubation with OPN (Fig, 4c). 

Treatmont of MDA-MB-435 cells with HGP 1 
or OPN (Fig. 5a) resulted in an increase in 
specific Met kinase artivity after 20 (for HGF) 
to 30 (for OPN) min of incubation, which was 
associated with an increased tyrosine phos- 
phorylation of Met as well (Fig. 5b). In contrast 
with 21PT and 2 WT cells, we have not been 
able to detect an OPN-induced increase in total 



2 



s 



Control 
+hrOPN 

crm +hci\_ 



30 0 
Incubation Tim* (min) 



a. 

8 



s 1 

ito 



I — I Control 

l^M -HirOPN 



0 30 0 20 

Incubation Time (min) 

Fig. Induction of specific Met kinase activity (a) and Met 
tyrosine phospboHyation (b> of MDA-MB-435 colls by HCF and 
OPN. MDA-MB-435 cell* wore inctiiatcd ±50 n&i'ml hrOPN 
of 20 n^ml HGF iot the time* indicated. Cell lysates were 
prcpartcj, and equal pco«em amount* o* each ty»te were inv 
munopfceipiiatcd with anti-Met IgC. Ai levels of total Met 
protein were higher and fluctuated more in MDA-MB-435 cell* 
than in 21 PT and 2 1 NT, activation Of Met protein irt MDA-MB- 
435 was more appropriately cxptvsscd as Relative Met kinase 
activity (a) and tyrosine phosphorylation (b). a; fn vitro Met 
kinase activity was assayed as described in Materials and Meth- 
od*. Relative Met kinase activity, normalized to total Met pro- 
tein, was quantitated using a Phosphorimager. 6: Immunopre- 
cipitaics were subjected to 7% SDS-PACE and transferred to 
nitrocellulose, The membrane was blocked with 1% 6SA in 
T&5T, and probed with anti-phosphotyroslru! antibody. Detec- 
tion was performed with HRP-label«d anti^mouse antibody and 
ECL. Relative Met tyro»ine-phQ*pfiQrytaticjn normalized to total 
Met protein was quantitated by densitometry. Error bars repre- 
sent an average standard deviation of 5,0%. as determined by 
repetitive measurements of individual bands {instrument error), 
Each graph is representative of at least two separate 
experiments. 
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Fir. 6. Time courts showing effect of OPN on exprewon of HGF arid Met mRhJA by 2 1 PT <PT), 2 1 NT (NT\ and 
MDA-MB^S |MDA) c*H 5 . N^nfl^ (fl5 -90%) cell cultures were incob.ted in serunv^e 

(6.0 kb) or Met (HG^R; 8.0 kb lrulMentfth tran^t upper band], 7.0 kb [lowcv band|>. RNA luadim; and integrity 
were verified by as^snicnr of IHS rRNA (2.1 kb). Level of HCF and Met (berth flkb and 7kh transcript*) „ sZZ 
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Met protein levels in MDA-MB-435 cells, al- 
though basal level of Met protein expression in 
MDA-MB-435 is higher than in 21PT or 2lNT 
(data not shown). 

Time Course Showing Effect of OPN on 
Expression pf HCF and Met m&NA 

21PT, 21NT, and MDA-MB-435 cells treated 
with OPN (50 jjig/ml) for 0-24 h (Fig. 6), all 
showed low basal levels of HGF mRNA. Only 
slight increase in HGF mRNA was detected for 
21PT and 21NT, with no appreciable increase 
for MDA-MBwl35 cells (by 18-24 h). In con- 
trast, levels of Met RNA were found to signifi- 
cantly increase in all three cett lines between 5 
and IS h of OPN exposure, falling off by 24 h. 
Thus, although little change in HGF mRNA 
was seen after up to 24 h of OPN exposure, 
significant induction of Met mRNA was seen 
for all three cell lines. 

DISCUSSION 

OPN has been implicated in the maligancy of 
breast cancer in a number of recent studies 
[e.g., Oatcs ct al.. 1996; Singhal ct al., 1997; 
Sung et al., 1998; Tuck et al., 1998, 1999]. it 
has been shown to be involved in coll adhesion 
of MECs, and can also induce cell migration in 
an RGD-dependent fashion [Xuan et al., 1994, 
1995; Senger et al., 19961. The HGF/Met path* 



way has also been associated with breast can- 
cer malignancy [Yamashita et al., 1994; Tuck 
et aL, 1996; Ya Q et ah, 1996; Jin ct al, 1997; 
Beviglia et al.. 1997; Ghoussoub et al., 1998], 
and U a potent inducer of MEC motility (Bhar- 
gava et al., 1992; Rosen et al., 1994; Rahimi et 
al., 19981. Here we examine the nature of the 
integrin response to OPN, in order to establish 
the specific cell surface integrins involved. Wc 
also show that OPN-induced cell migration in- 
volves activation of the HGF receptor in a syn- 
gergistic fashion with HGF, consistent with 
cross-talk between integrin and growth factor 
mediated pathways. 

Our discovery that, in a series of breast epi- 
thelial cells of differing degrees of malignancy, 
different cell surface integrins may couple with 
Mot in inducing coll migration is a novel find- 
ing. The metastatic member of the series stud- 
ied, MDA-MB-43S cells, showed the moat 
marked synergy between OPN and HGF in the 
migration response, and migrated in an av£3, 
not avftS or (Jl-dependent fashion. In contrast, 
the non-metastatic cell lines, 2lPT and 2lNT, 
migrated in an av(35 and (31 dependent, av£3- 
independent fashion. In support of this finding 
is the work of Wong et al. [1998J, who reported 
that MDA-MB-435 cells express ov03 integrin. 
while less maligant MDA-MB-231 and MCF-7 
cells do not (although they all express avp5 and 
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pi). Similarly, van df^r Pluym et aL [1997} re- 
ported higher expression of avp3 in more ma- 
lignant members of a series of breast carci- 
noma cell lines. A specific association between 
avfl3 expression and breast cancer metastasis 
has also been reported by Liapig et aL [1996], 
who detected avp3 integrin expression in 100% 
of breast carcinomas that had metastasized to 
bone. 

This difference id integrin utilization of 
colls at different stages of progression could 
affect malignancy in a number of different 
ways. For example, avp3 may be necessary 
for specific adhesion events vital to invasion 
and metastasis; a breast cancer cell initially 
expressing t*v&l or av&5 may require activa- 
tion of |i3 in order to complete that step of the 
metastatic cascade. Evidence in favor of this 
scenario (at least in the case of melanoma) 
comes from the work of Nip et al. [1992], who 
showed that binding of metastatic colls to 
lymph node matrix depends on o.v£3 interac- 
tions. Alternatively, different integrins may 
be coupled to different signal transduction 
pathways, with av33 specifically required for 
activation of a particular set of genes impor- 
tant in aspects of invasion and metastasis. 
Ligation of oevp3 for example, has been shown 
to induce MMP-2 expression and invasion of 
melanoma colls ISeftor et al„ 1992; Bafetti et 
nl T , 1996], Whether Or not different integrins 
couple to She can influence activation of tran- 
scription from the Fos serum response ele- 
ment (SRE), affecting responsiveness to 
growth factors fWary ot al., 1996). In the case 
of coupling with the HGF/Met pathway, our 
work suggests that OPN-induced cell migra- 
tion via either non-oiv(J3 integrins (21PT, 
21NT) or *vfJ3 integrin (MDA-MB-435) is as^ 
sociated with Me.t activation, but that the 
synergistic effect on cell migration is much 
more pronounced in the cells (MDA-MB-435) 
expressing <*vfJ3. 

We also found that OPN-induced migration 
of all three cell lines involves activation of 
the HGF receptor, Met, with an initial in- 
crease in Met activity followed by an increase 
in Met RNA expression. The kinetics of this 
effect differ slightly for MDA-MB-435 vs. the 
21T series cells. For 21PT and 21NT, a de- 
tectable increase in Met protein was also 
found. Although a similar increase in Met 
protein levels pf MDA-MB-435 cells did not 
occur, the basal level of Met protein in these 



cells is quite high, and as specific activity of 
Met is substantially increased with OPn in- 
duction, it is possible that Met turnover is 
such that protein levels do not further accu- 
mulate as they do for the 21T series cells. 
Regardless, Met is activated by OPN in all 
three cell lines, and this is associated with 
increased cell migration. In contrast, HGF 
mRNA levels were low in all three cell lines , 
and showed little or no change with OPN 
treatment. Furthermore, we ha^e not de- 
tected increased HGF activity in conditioned 
media of OPN-trcatcd 21T series or MDA- 
MB-435 cells (data not shown). Activation of 
Met by OPN is thus likely due to cither an 
increased sensitivity to trace amounts of ligand 
present, or to ligand-indcpcndcnt activation. 
Ligand-independent activation of Met by cellular 
adhesion has been previously reported for mela- 
noma cells, although the cell surface adhesion 
receptors involved were not examined [Wang et 
al., 19961, Furthermore, interna binding has 
been shown to be essential for growth factor 
(EOF, PDGF, bFGF. IGF-1) induced signal 
transduction and cell migration [Miyamoto et al., 
1996; Brooks et al., 1997], Reciprocally, HGF can' 
activate cell surface integrins and hence cellular 
adhesion (and motility) (van der Voort et al,, 
1997; Weimar et al., 1997, 1998; Trusolino et al' 
19981. Thus, a two-way interaction between in- 
tegrin and growth factor- mediated pathways 
likely occurs in the induction of cellular re- 
sponses such as cell migration. 

Multiple points of interaction between signal 
transduction pathways activated by integrins 
vs. growth factors have been identified [re- 
viewed in Sastry and Horowitz, 1996; Gian- 
cotti, 1997; Swartz, 1997]. Cell attachment can 
enhance autophosphorylation of growth factor 
receptors (EGFR, FDGFR, and now Met) in 
response to their cognate Uganda. Integrin 
binding also has been found to activate phos- 
pholipase C (and hence protein kinase C), Raf, 
and/or MEK in the MAP kinase pathway, and 
PI-3 kinase in the PI-3K/ftac pathway. All of 
these pathways arc also influenced by growth 
factors, although the synergistic relationship 
reported here would suggest that growth factor 
receptors and integrins may act at different 
points in the pathway. For example, it has been 
shown that fibronectin binding to cell surface 
integrin activate? synthesis and supply of 
phosphatidylinositol 4,5 Diphosphate, whereas 
PDGF receptor controls the activity of phopho- 
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lipaso C [McNameo et al., 1992], The physical 
association qf integriria and growth factor re- 
ceptors at the focal adhesion complex (FAC) 
[Plopper &L k 19951 provides a mechanism by 
which such cross-talk would be facilitated. Fi- 
nally, interactions between growth factor and 
integral pathways could occur at the level of 
differential effects on members of the FAC it- 
self (Schlaepfer and Hunter, 1998]. 

In the case of signal transduction initiated 
by OPN, ligation of ocvj33 by OPN activates Pl-3 
kinase in osteoclasts [Hruska et al., 19951. In 
an osteoblastic cell line (UMH 106-6), OPN 
triggers the autqphosphorylution of focal adhe- 
sion kinase (FAK) [Liu et al,, 1997], In rns- 
transformed fibroblast*, OPN can induce ty- 
rosine phosphorylation of a number of different 
FAC associated proteins [Lopez et al., 19951. 
HGF activation of it« receptor. Mot, can also 
stimulate phosphorylation of FAK in somo 
cells, perhaps via ppt>0* re [Chen et al, 1998]. 
We have shown in this report that OPN is also 
capable of activating Met. Thus, although our 
understanding of the signal transduction path- 
ways induced by OPN is yet in early stages, 
multiple points of potential interaction be- 
tween the mtegrin and growth factor receptor 
pathways involved arc already beginning to 
emerge. 

The interactions between different integrin 
pathways induced by OPN and the HGF/Met 
growth factor pathway not only helps conceptu- 
ally in understanding the clinical associations we 
have observed between OPN, HGF and malig- 
nancy, but also provide clues to regulatory pro- 
cesses vital to tumor aggre3sivenc$3 — prime tar- 
gets for treatment strategies based on blocking 
these processes. 
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